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The proton affinities bromo- and iodoacetonitrile are determined using a full implementation
of the kinetic method, which includes calculation of the entropies. Branching ratios for
dissociation of proton-bound dimers are measured for collision energies ranging from ;2 to 5
eV. Using a rigorously correct statistical approach, the proton affinities of bromo- and
iodoacetonitrile are calculated to be 179.8 6 1.7 and 182.9 6 1.6 kcal/mol, respectively. It is
shown that neglecting the entropy contributions for these systems leads to proton affinities
that are too high by ;0.6 kcal/mol. (J Am Soc Mass Spectrom 2000, 11, 601–605) © 2000
American Society for Mass Spectrometry
In recent years, the kinetic method has become apopular approach for measuring thermochemicalproperties [1–4]. Early applications of the kinetic
method utilized numerous assumptions, most notably,
that the effect of entropy on the relative branching
ratios was negligible [5–8]. However, recently it has
been shown that this assumption is not necessary, and
that it is possible to measure the entropies for the
dissociation directly [6, 9]. If the branching ratio for the
dissociation of proton-bound dimer between an un-
known A and a reference Bi is related to the difference
in the free energies for the two processes (eq 1), then it
can be
ln r 5 ln
kA
kBi
5 ln
AH1
BiH
1 5
DGB
RTeff
(1)
ln r 5
PA(A) 2 TeffDS
RTeff
2
PA(Bi)
RTeff
(2)
shown that the branching ratios are further described
according to eq 2, where DGB is the difference in the
gas-phase basicities for A and Bi, PA is the proton
affinity, and DS is the average difference in entropies
for the dissociation of the proton-bound dimer of the
reference and the unknown. While technically the rela-
tionship in eq 2 requires Teff to be Maxwellian, the fact
it is not does not appear to significantly compromise the
experiments. A plot of ln r vs. PA(Bi) has a slope, m 5
21/RTeff and intercept y0 5 [PA(A) 2 TeffDS]/RTeff,
where the term PA(A) 2 TeffDS is the “apparent” ba-
sicity, GBapp, at Teff [9, 10]. Note that if DS 5 0, as is
often assumed, then GBapp 5 PA(A). If the measure-
ments described above are made at multiple effective
temperatures, then a plot of GBapp vs. 1/RTeff has a
slope 5 PA(A) and intercept 5 2DS/R. Therefore, it
is not required that DS 5 0 to extract the proton
affinity.
However, Cooks and co-workers [3] and Armentrout
[11] have noted that GBapp and 1/RTeff as obtained in
the analysis above are statistically correlated, such that
the high correlation coefficients observed between these
variables is an artifact of the analytical approach. In
light of this, Armentrout [11] has recommended a
simple alternative that does not have dependent vari-
ables. Instead of a plot of ln r vs. PA(Bi), the quantity ln
r is plotted against DPA 5 PA(Bi) 2 PAavg, the average
proton affinity of the reference bases. The slope of this
plot is m 5 21/RTeff and the intercept y0 5 (GB
app 2
PAavg)/RTeff. If the measurement is carried out at many
energies, a plot of y0 vs. m has slope PA(A) 2 PAavg
and intercept 2DS/R. Armentrout has shown that this
approach gives results similar to those reported by
Wesdemiotis [9] and Fenselau [6], although it does not
have the artificially high correlations.
A recent study of the enthalpies of formation of
haloacetonitriles required knowledge of their proton
affinities [12]. Although nitriles are generally thought to
be well-suited for kinetic method measurements [13], a
full analysis provides a test of these assumptions.
Moreover, the ability to measure energy resolved colli-
sion-induced desorption (CID) data in the flowing
afterglow–triple quadrupole allows the analysis to be
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carried out systematically over a large temperature
range [14]. In this work, the proton affinities of bromo-
and iodoacetonitrile are determined using the kinetic
method with a full calculation of the entropy effects.
Single collision CID branching ratios are measured at
101 energies ranging from ;2 to 7 eV (center-of-mass
frame), providing a large statistical sample for analysis
of the entropies. The linear relationship predicted be-
tween [GBapp 2 PAavg]/RTeff and 1/RTeff is shown to
be valid at low energies, but nonlinear behavior is
observed at energies above about 5 eV. The proton
affinities of bromo- and iodoacetonitrile are found to be
higher than that for chloroacetonitrile by 1.6 and 4.7
kcal/mol, respectively.
Experimental
All of the experiments described here were carried out
using a flowing afterglow–triple quadrupole apparatus
described in detail previously [15]. Proton-bound dimer
ions are created in the helium flow reactor (PHe 5 0.400
torr) by chemical ionization of the haloacetonitriles with
CH5
1, followed by reaction with the vapors of the
reference nitrile added through a metered inlet down-
stream. CID is carried out in the second quadrupole
(Q2) of a triple quadrupole mass analyzer. The collision
energy in the lab frame, Elab, is determined by the pole
offset voltage, with the beam zero determined using
retarding potential analysis. For this work, argon was
used as the neutral CID target. Appearance curves for
each product were obtained by monitoring the yield of
the CID product ions using the third quadrupole (Q3)
as the collision energy was scanned from 10 to 40 eV
(lab). The Q2 exit lens and the Q3 pole offset are kept
2–3 V more negative than the Q2 pole offset to ensure
efficient ion collection during data acquisition. The
appearance curves are measured at multiple pressures,
and the resulting branching ratios are extrapolated to
p 5 0, corresponding to single collision conditions. The
collision energy in the center-of-mass frame, Ec.m., is
calculated using Ec.m. 5 Elab[m/(m 1 M)], where m is
the mass of the collision gas and M is the mass of the
proton-bound dimer. The data are set to a common
center-of-mass energy scale by linear interpolation of
adjacent data points, although if more accurate data
points are required, the ranges of the energy scans for
each ion can be adjusted accordingly. The branching
ratios obtained in this fashion have an estimated uncer-
tainty of 620%.
Results
In this section, the CID branching ratios for proton-
bound dimers of bromo- and iodoacetonitrile with
reference nitriles are presented as a function of energy.
Representative ln r vs. DPA plots are provided for each
compound, and the complete energy analysis of the
results is presented. The results for bromoacetonitrile
are presented first, and those for iodoacetonitrile in the
second section.
Bromoacetonitrile
CID branching ratios for proton-bound dimer ions
involving bromoacetonitrile measured under single col-
lision conditions are shown in Figure 1. The references
used for this base are acetonitrile (CH3CN, PA 5
186.2 6 2.0 kcal/mol), chloroacetonitrile (ClCH2CN,
178.2 6 2.0), malononitrile (NCCH2CN, 172.8 6 2.0),
and acrylonitrile (C2H3CN, 187.5 6 2.0) [16]. For these
references, PAavg 5 181.2 kcal/mol, where the uncer-
tainty on this value will be addressed in a later section.
Branching ratios range at 2 eV from 0.008 for acryloni-
trile to 123 for malononitrile, but the values are less
extreme at higher energy.
Weighted linear regression of ln r vs. DPA gives m 5
21/RTeff and y0 5 (GB
app 2 PAavg)/RTeff for each
energy. Representative plots at E 5 3.0, 4.0, and 5.0 eV
are shown in Figure 2. These three plots give Teff 5
1033 6 65, 1289 6 115, and 1460 6 82 K, respectively,
and GBapp 2 PAavg 5 20.69 6 0.38, 20.55 6 0.54, and
20.48 6 0.34 kcal/mol, respectively, where the uncer-
tainties refer to 90% confidence levels (CL) and are
calculated using a procedure described elsewhere [11].
A plot of y0 vs. m over the range of energies is shown
in Figure 3. For reference, the top axis indicates the
effective temperatures and approximate center-of-mass
collision energies reflected by the plot. The plot is
effectively linear from the lowest energy (E 5 1.99 eV,
Teff 5 750 K) through about 5.6 eV (Teff 5 1550 K).
Above this energy, the plot deviates significantly indi-
cating a breakdown of the linear relationship. At higher
energies, the product ions are more likely to undergo
subsequent dissociation or the dissociation is subject to
dynamic constraints, which can lead to erroneous re-
Figure 1. Collision-induced dissociation branching ratios for the
proton-bound dimer of BrCH2CN and acetonitrile (CH3CN), chlo-
roacetonitrile (ClCH2CN), malononitrile (NCCH2CN), and acrylo-
nitrile (C2H3CN) as a function of center-of-mass collision energy.
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sults. The solid line in Figure 3 indicates the range over
which the data were fit. The slope of the line fit is
21.43 6 0.04 kcal/mol and the intercept is 0.33 6 0.02,
where the uncertainties are the statistical 90% CL,
calculated using the procedure described elsewhere
[11].
Iodoacetonitrile
The branching ratios for the dissociation of proton-
bound dimers of iodoacetonitrile with propionitrile
(C2H5CN, PA 5 189.8 6 2.0 kcal/mol), chloroacetoni-
trile, malononitrile, and acrylonitrile, measured under
single collision conditions, are shown in Figure 4. For
these references, PAavg 5 182.1 kcal/mol. Representa-
tive plots of ln r vs. DPA are shown in Figure 5. At E 5
3.0, 4.0, and 5.0, Teff 5 1096 6 161, 1323 6 176, and
1478 6 178 K, respectively, whereas GBapp 2 PAavg 5
1.51 6 1.03, 1.68 6 0.95, and 1.67 6 0.85 kcal/mol, re-
spectively. Again, the uncertainties are 90% CL.
A plot of y0 5 [GB
app 2 PAavg]/RTeff vs. 2m 5
1/RTeff is shown in Figure 6. The plot is effectively
linear in the range 2–5 eV (Teff 5 800–1300 K). The
deviation at high temperature is similar to that ob-
served for bromoacetonitrile. Below 2 eV, the branching
ratio for malononitrile is too large to measure reliably,
which distorts the data. A fit of the region indicated in
Figure 2. Representative plots of ln r vs. DPA 5 PA(Bi) 2 PAavg
for proton-bound dimers of bromoacetonitrile and reference bases,
along with linear fits to the data. The center-of-mass collision
energies correspond to 3.0, 4.0, and 5.0 eV.
Figure 3. Plot of [GBapp(BrCH2CN) 2 PAavg]/RTeff vs. 1/RTeff,
the intercepts and slopes obtained from plots such as those shown
in Figure 2. The solid line indicates the range over which the data
were fit. Approximate collision energies and effective tempera-
tures are provided on the top axis for reference. The slope of the
line corresponds to PA(BrCH2CN) 2 PAavg, and the intercept is
2DS/R.
Figure 4. Collision-induced dissociation branching ratios for the
proton-bound dimer of ICH2CN and propionitrile (C2H5CN),
chloroacetonitrile (ClCH2CN), malononitrile (NCCH2CN), and
acrylonitrile (C2H3CN) as a function of center-of-mass collision
energy.
Figure 5. Representative plots of ln r vs. DPA 5 PA(Bi) 2 PAavg
for proton-bound dimers of iodoacetonitrile and reference bases,
along with linear fits to the data. The center-of-mass collision
energies correspond to 3.0, 4.0, and 5.0 eV.
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Figure 6 gives a slope 5 0.79 6 0.06 kcal/mol and
intercept 5 0.34 6 0.03.
Discussion
In this section, the results reported above are used to
calculate the proton affinities of bromo- and acetoni-
trile. As described in the introduction, the slope of the
plot of y0 vs. m (Figure 3 or 6) is PA(XCH2CN) 2 PAavg.
The slope obtained from fitting the data as shown in
Figure 3 is 21.43 6 0.04 kcal/mol, where the uncer-
tainty is the statistical 90% CL but does not include
possible errors intrinsic to the kinetic method. For
example, Ervin [17] has recently carried out a microca-
nonical analysis of the kinetic method and shown that
the effective temperature for any given ion cluster
depends on many factors, including the well depth and
ion size. The main conclusion of his work is that Teff is
uncertain by 20%–40% because of these effects. In order
to estimate the effect that the uncertainty on Teff has on
the measured PA(XCH2CN) 2 PAavg, the second re-
gression was carried out using m values that were 40%
higher and 40% lower than those obtained from the first
regressions, which corresponds to a 640% uncertainty
in Teff. The PA(XCH2CN) 2 PAavg values obtained un-
der these conditions deviate from that reported above
by 60.57 kcal/mol. Combining this with the statistical
error gives PA(XCH2CN) 2 PAavg 5 21.43 6 0.57
kcal/mol. It should be noted that the uncertainty of 0.57
kcal/mol obtained in this case agrees with Ervin’s
estimate [17] that the uncertainty in Teff can result in
errors of 0.5–1 kcal/mol. Carrying out a similar exercise
with the iodoacetonitrile data gives PA(ICH2CN) 2
PAavg 5 0.79 6 0.32 kcal/mol.
The proton affinities of bromoacetonitrile and io-
doacetonitrile are calculated by combining the values
above with PAavg, which are 181.2 and 182.1 kcal/mol,
respectively. The uncertainties in Pavg are calculated
from the uncertainties on the reference PAs, which are
all 62 kcal/mol. If the uncertainties are independent
and random, then the uncertainty in PAavg is 62/n
1/2,
where n 5 4, the number of reference bases. However,
given that a significant contributor to the uncertainties
in proton affinities is the uncertainty of the proton
affinity scale [16], the uncertainties of the reference PAs
are likely correlated. In the limit where uncertainties in
the reference PAs are completely correlated, the uncer-
tainty in PAavg would be 62 kcal/mol. For this work,
the 62 kcal/mol uncertainties on the individual refer-
ences are treated to have equal contributions, 621/2
kcal/mol, from random and systematic errors. There-
fore, the overall uncertainty in PAavg contains both
random and systematic components. The random sta-
tistical uncertainty in PAavg is 6(2/n)
1/2 kcal/mol.
Combining this with the systematic error, 621/2 kcal/
mol, gives an overall uncertainty of 6(5/2)1/2 5 1.6
kcal/mol in PAavg.
The proton affinities of bromo- and iodoacetonitrile
are calculated by combining the values of PAavg with
the slopes of the plots shown in Figures 3 and 6,
respectively. The final values obtained from these anal-
yses are PA(BrCH2CN) 5 179.8 6 1.7 kcal/mol and
PA(ICH2CN) 5 182.9 6 1.6 kcal/mol, where the uncer-
tainties include the statistical uncertainties from the
regression analyses, the uncertainties in PAavg, and an
estimated 640% uncertainty in Teff to account for the
systematic effects discussed by Ervin [17]. An important
observation is that regardless of how many energies are
used for the analysis and how good the correlation of
the data, the uncertainty in the final determined PA can
never be smaller than the uncertainties in PAavg and
Teff. The results show that larger proton affinities are
found for nitriles with the larger halogen substituents,
which is attributed to additional charge stabilization by
the more polarizable substituents.
From the intercepts of the plots for bromo- and
iodoacetonitrile, the quantities DS are calculated to be
20.65 6 0.03 and 20.68 6 0.05 eu, respectively, where
the uncertainties are the statistical 90% CL. Interest-
ingly, the entropy values are not affected by the uncer-
tainty in Teff because the analysis explicitly removes the
covariance between the slope and the intercept in the
initial regression. However, the intercept values are
affected by the uncertainties in the branching ratio
measurements, which are estimated to be 620%. The
contribution this has to the uncertainty in DS can be
estimated by increasing and decreasing the branching
ratios by 20%. For bromoacetonitrile, increasing the
branching ratios by 20% increases DS to 20.28 eu, while
decreasing the ratio by the same amount lowers DS to
21.09 eu. Therefore, an uncertainty of 60.44 eu is
assigned to account for these differences, giving DS 5
20.65 6 0.44 eu. A similar exercise with iodoacetoni-
trile gives DS 5 20.68 6 0.44 eu. The final values are
Figure 6. Plot of [GBapp(ICH2CN) 2 PAavg]/RTeff vs. 1/RTeff,
the intercepts and slopes obtained from plots such as those shown
in Figure 5. The solid line indicates the range over which the data
were fit. Approximate collision energies and effective tempera-
tures are provided on the top axis for reference. The slope of the
line corresponds to PA(ICH2CN) 2 PAavg, and the intercept is
2DS/R.
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small, ,1 eu, but are statistically significant because of
the large number of data points used in the analysis.
Combining these values with the effective temperatures
indicates that neglecting the entropy contribution leads
to proton affinities that are ;0.6 kcal/mol too high.
For comparison, the data have been analyzed using
the original method proposed by Fenselau [6] and
Wesdemiotis [9]. Plots of ln r vs. PA (instead of PA 2
PAavg) give mi 5 21/RTeff and y0,i 5 GB
app/RTeff.
The plots of GBapp/RTeff vs. 1/RTeff, shown in Figure 7,
are almost perfectly linear over the entire energy range,
highlighting the correlation of the two variables. The
correlation is especially striking when compared to the
plots in Figures 3 and 6. For the plots in Figure 7, the
slopes 5 PA and the intercepts 5 2DS/R. The PAs of
bromo- and iodoacetonitrile derived by fitting the data
over the same range as above are identical to those
obtained using the proper analysis. However, in this
case the uncertainties do not include the uncertainties
on PAavg or Teff, and are therefore misleadingly small.
The derived entropies are also the same as those re-
ported above.
Conclusion
Analysis of CID branching ratios over the collision
energies ;2–5 eV (center-of-mass) gives proton affini-
ties of 179.8 6 1.7 and 182.9 6 1.6 kcal/mol for bromo-
and iodoacetonitrile, respectively. The average entropy
difference between the bases and the references is
found to be ;20.7 eu for both bromo- and iodoaceto-
nitrile, and the assumption that entropy differences are
negligible in this case leads to an error of ;0.6 kcal/mol
in the proton affinities of the haloacetonitriles. There-
fore, the entropy change is significant even in the case
where the bases are chemically similar. Finally, despite
carrying out the experiments at many energies, the
uncertainties on the final values are ultimately depen-
dent on the uncertainties on the reference bases and on
the uncertainty in Teff.
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